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(54) Apparatus and method for multistage reverse osmosis separation 


(57) Reverse osmosis membrane module units (2,8) 
are arranged at multistage with a booster pump (7) pro- 
vided in the concentrate flow channel (4) between 
reverse osmosis membrane module units (2,6), and the 
total effective reverse osmosis membrane area of a mod- 
ule unit (8) is in the range of 20-80% of that of the pre- 
ceding module unit (2). 


The object of this invention is to provide apparatus 
and separation method that produce low-concentration 
solution from high-concentration solution with a high 
recovery ratio, small energy requirements, and high sta- 
bility. 
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Description 

FIELD OF THE INVENTION 

The present invention relates to novel reverse osmo- 5 
sis separation apparatus and method designed, partic- 
ularly, for high-concentration solutions. This invention 
makes it possible to obtain a low-concentration solution 
from a high-concentration solution with high recovery 
ratio and with small energy, while it also makes it possible 10 
to produce higher-concentration concentrate with 
smaller energy as compared to conventional reverse 
osmosis separation. In particular, the apparatus and 
method of this invention can be used for the desalination 
of brackish water and sea water, treatment of waste ts 
water, recovery of valuable material, etc. The invention 
is particularly effective for desalination or concentration 
of high salinity solution. 

BACKGROUND OF THE INVENTION 20 

Many techniques are available for solution separa- 
tion. In recent years, membrane separation has been in 
wider use because it requires smaller energy and smaller 
resources. Microfiltration (MF), ultrafiltration (UF) and 25 
reverse osmosis (RO) are among the membrane sepa- 
ration techniques. More recently, loose RO or nanof iltra- 
tion (NF), whose functions are between those of reverse 
osmosis and ultrafiltration, has come in use. Reverse 
osmosis, for example, is currently used for desalination 30 
of sea water or brakish water to provide water for indus- 
trial, Agricultural and household uses. With reverse 
osmosis, a pressure higher than the osmotic pressure is 
exerted on salt water to allow it to permeate reverse 
osmosis membrane to obtain desalted water. This tech- 35 
nique can produce drinking water from sea water, brine, 
or a water which contains harmful substances, and has 
been used for the preparation of ultra-pure water for 
industrial use. treatment of waste water, and recovery of 
useful materials. *o 

The production of fresh water from sea water by 
reverse osmosis has the advantage that it involves no 
phase transition such as found in evaporation. In addi- 
tion, it requires less energy and less operation mainte- 
nance, resulting in its wider use in recent years. « 

For separation of a solution by reverse osmosis, it is 
necessary to supply a solution to the reverse osmosis 
membrane with a pressure larger than the chemical 
potential (which can be expressed in terms of osmotic 
pressure) of the solution which depends on the content so 
of the solute in the solution. When a reverse osmosis 
membrane module is used for separation from sea water, 
for example, a pressure above 30 atm. or more practi- 
cally a pressure above 50 atm. is required. Sufficient 
reverse osmosis separation performance cannot be 55 
obtained at pressures lower than this. 

Concerning sea water desalination through reverse 
osmosis membrane, for example, permeable sea water 
recovery of conventional sea water desalination is not 


2 

more than 40%. The concentration of sea water in the 
reverse osmosis membrane module increases from 
3.5% to about 6% as a volume of fresh water equal to 
40% of the supplied sea water is obtained through the 
membrane. A pressure larger than the osmotic pressure 
corresponding to the concentration of the concentrate 
(45 atm for 6% sea water concentrate) is required to 
achieve permeate water recovery ratio of 40%. Practi- 
cally, a pressure about 20 atm larger than the osmotic 
pressure that corresponds to the concentrate concentra- 
tion (which is called the effective pressure) is necessary 
to produce a sufficient fresh water that can be used as 
drinking water. Thus, reverse osmosis membrane sepa- 
ration for desalination of sea water have been conven- 
tionally operated under a pressure of 60-65 atm to 
achieve a recovery ratio of 40%. 

A higher permeate water recovery (recovery ratio) 
is more desirable since the recovery ratio directly affects 
the required cost. Conventionally, however, there have 
been limits to recovery ratio improvement. That means, 
an increased recovery ratio may require a very high pres- 
sure. In addition, as the concentration of sea water com- 
ponents increases and in higher recovery ratio operating 
conditions, the contents of scale components such as 
calcium carbonate, calcium sulfate, strontium sulfate and 
other salts deposits on the reverse osmosis membrane 
as scale to cause clogging. 

At the recovery ratio of about 40% (which is now 
widely recognized as the practically maximum recovery 
ratio), it is unlikely that such scale may be formed in sig- 
nificant amount and therefore no special means are 
required against them. If an attempt is to be made to 
operate reverse osmosis separation at a higher recovery 
ratio, a scale prevention agent that increases the solubil- 
ity of salts should be added in order to control the depo- 
sition of these scale components. Despite the addition 
of such a scale prevention agent, however, the control of 
the deposition of said scale components is effective only 
to increase the concentrate concentration by 10-1 1 per- 
centage points. For the desalination of sea water of a salt 
concentration of 3.5%. a mass balance analysis indi- 
cates a limit recovery ratio of 65-68%. Taking into 
account the effects of various other components of sea 
water, the practical limit of recovery ratio at which a 
reverse osmosis sea water desalination plant can be 
operated stably would be about 60%. 

In a practical sea water desalination process, a pres- 
sure about 20 atm higher than the concentrate's osmotic 
pressure should be applied on the reverse osmosis 
membrane, as stated above. When the salt concentra- 
tion in sea water is assumed to be 3.5% and a recovery 
ratio of 60%. the concentration of salt becomes 8.8%. 
which corresponds to an osmotic pressure of about 70 
atm. Thus, a pressure of about 90 atm has to be applied 
to the reverse osmosis membrane. 

For practical uses, several reverse osmosis ele- 
ments connected in series are loaded in a pressure ves- 
sel, which is called a module, and many modules are 
installed in parallel in a practical plant. The recovery ratio 
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of a sea water desalination plant is defined as the ratio 
of the total water permeation to the total sea water sup- 
plied to the reverse osmosis modules. In an ordinary 
plant, since modules are installed in parallel, the recov- 
ery ratio is equal to the ratio of the desalted water 5 
obtained from a module to the sea water supply to that 
module. In case that one module contains six reverse 
osmosis membrane elements and that 198 m3/day of sea 
water is supplied to the module to produce 78 nWday of 
desalted water (40% recovery ratio), a simulation shows w 
that 18-19 irvVday and 15-17 nrvVday of desalted water 
comes from the first and second elements, respectively, 
followed by decreasing amounts from the remaining ele- 
ments to produce a total 78 irvVday of desatted water. 
Thus, in total, desalted water is obtained from the entire , 5 
module at 40% recovery ratio despite a small desalted 
water recovery ratio for each element. 

Prevention of fouling and concentration polarization 
(localization of solute) is an important factor to be con- 
sidered in establishing operation conditions of a reverse 20 
osmosis membrane separation process. To prevent foul- 
ing, the rate of desalted water production from one 
reverse osmosis membrane element should be control- 
led below a certain limit (fouling-resistant permissible 
flux). If the rate exceeds the limit, the fouling on the mem- 25 
brane will be accelerated to cause trouble. The fouling- 
resistant permissible flux for high-performance reverse 
osmosis membrane is generally in the vicinity of 0.75 
m3/m2 • day, which corresponds to an yield of 20 ntf/day 
for a reverse osmosis membrane element with a mem- 30 
brane area of 26.5 m2 (the membrane area of an element 
isassumed to be 26.5 n* in all calculations hereinafter). 
Thus, to prevent fouling, the desalted water production 
rate of an element should be controlled below 20 rrWday. 

The rate of water supply to elements in module 35 
decreases as water flows from upstream elements to 
downstream ones. Concentration polarization referred to 
above is caused due to a decrease in the flow rate of 
supplied water through the membrane in the final ele- 
ment. Concentration polarization not only reduces the 40 
membrane performance- but also accelerate fouling to 
shorten the life of the reverse osmosis membrane ele- 
ment. To prevent this, the flow rate of the concentrate in 
the final element (with a membrane area of 26.5 m2) 
should be maintained above about 50 m3/day. 45 

When a reverse osmosis membrane sea water 
desalination plant is to be operated at the conventional 
maximum recovery ratio of about 40%. the above-men- 
tioned fouling and concentration polarization prevention 
conditions can be easily met and operation can be per- so 
formed stably by simply arranging several modules in 
parallel, applying a pressure of 65 atm (when the tem- 
perature is 20°C). and setting the water supply rate to 
2.5 times the final desalted water production rate. It is 
not necessary to give special consideration to the bal- 55 
ance among the flow rates or the deposition of scale in 
the elements in each module. 

An increased recovery ratio, however, is essential to 
further reduce the cost of sea water desalination process 


by the reverse osmosis membrane. As described above 
its increase up to 60% is desired for desalination sea 
water with a salt concentration of 3.5%. After adding an 
appropriate amount of a scale prevention agent, the 
plant have to be operated at 90 atm, which is 20 atm 
higher than the osmotic pressure of the concentrate. 

Scale prevention agents have been used in some 
reverse osmosis membrane apparatus like those for 
water processing plants and sea water desalination 
apparatus that uses evaporation. They are designed 
however, mainly for controlling the deposition of such 
scale components as silica and metal salts within the 
apparatus. In particular, such agents haven been used 
widely to treat water with a high silica scale content. 

For example, Japanese Patent Laid-Open (Kokai) 
SHO53-30482 proposes that the life of reverse osmosis 
membrane can be lengthened when reverse osmosis 
operation is performed after the contents of calcium 
magnesium etc. are reduced by allowing the supply 
water to make contact with chelate resin. Japanese Pat- 
ents Laid-Open (Kokai) SHO52-151670 and HEI 4-4022 
disclose a method in which a phosphate is added to pre- 
ventthe formation of scale in reverse osmosis apparatus 
Japanese Patents Laid-Open (Kokai) SH063-218773 
and HEI 4-99199 and Japanese Patent Publication 
(Koho) HEI 5-14039 propose a method in which waste 
water from electrodeposition coating and copper plating 
processes is concentrated by subjecting it to reverse 
osmosis membrane treatment after adding a chelating 
agent to recover coating material and copper. Further- 
more, Japanese Patents Laid-Open (Kokai) SH063- 
69586 and HEI 2-293027 disclose that sterilization and 
stable operation of reverse osmosis membrane appara- 
tus can be achieved by supplying a solution that contains 
chlorine or a mixture of a oxidizer and a phosphate. 

However, if, as in conventional apparatus, several 
reverse osmosis membrane elements are placed in 
series in a pressure vessel to produce a module, and a 
pressure of 90 atm is applied to several such modules 
arranged in parallel to achieve a desalted water recovery 
ratio of 60%, then the flow rate of treated water from the 
upstream elements (first and second elements) in each 
module will exceed the permissible value to cause con- 
centration polarization and fouling in these elements, 
leading to clogging and reduction in the life of the ele- 
ments. As a result, it would become very difficult to oper- 
ate the reverse osmosis membrane apparatus stably for 
a long period of time. In a sea water desalination process 
operated at an recovery ratio of 60%. the salt concentra- 
tion and osmotic pressure vary from 3.5% to 8.8% and 
from 26 atm to 70 atm due to material balance require- 
ments as the water flows from the inlet to the outlet. The 
operating pressure, on the other hand, is nearly constant 
over the entire process from the inlet to the outlet, indi- 
cating that the effective pressure required for the perme- 
ation of desalted water (i.e. the difference between the 
operating pressure and the osmotic pressure) varies 
largely from 64 atm to 20 atm. The ratio of permeation 
through the first element to that through the final element 
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in the same module is of the order of the ratio of effective 
pressure, i.e. 64:20. Thus, in conventional plants, the 
permeation rate in the first element can undergo a sharp 
increase to allow the total permeation rate to exceed 
largely the fouling-resistant permissible limit of 20 5 
nvVday, which means that fouling is caused very easily. 
However, it is impossfole to decrease the operating pres- 
sure because an operating pressure of 90 atm is essen- 
tial to the achievement of an recovery ratio of 60%. This 
indicates that operation at an recovery ratio of 60% w 
would not be appropriate and if it is attempted despite 
these considerations, . fouling would be accelerated and 
long-term stable operation would be impossible. Or, 
operation at a 60% recovery ratio would have to be 
achieved under very costly operating conditions which 15 
may include the use of a large number of low-perform- 
ance elements with a decreased permeation rate. 

Spiral type reverse osmosis membrane elements 
are considered to make the matter simple in the above 
description. However, the same phenomena and prob- 20 
I ems will occur also in hollow f foer membrane type mod- 
ules. 

The present invention provides apparatus and sep- 
aration method that produces a low-concentration solu- 
tion from a high-concentration solution with a high 25 
recovery ratio, small energy, high efficiency and high sta- 
bility. In particular, it aims to provide apparatus and 
method that produces fresh water from sea water with a 
high 60% recovery ratio, small energy requirements, 
high efficiency and high stability. 30 

SUMMARY OF THE INVENTION 

This invention relates to reverse osmosis separation 
apparatus comprising reverse osmosis membrane mod- 35 
ule units arranged in multistage with a pressure pump 
provided in the concentrate flow channel between 
reverse osmosis membrane module unit, wherein the 
total effective reverse osmosis membrane area of a mod- 
ule unit is in the range of 20-80% of that of the preceding 40 
module unit; and a method for multistage reverse osmo- 
sis separation wherein the concentrate of a module unit 
is further pressurized and supplied to the next-stage 
reverse osmosis membrane module unit, wherein the 
total effective reverse osmosis membrane area of a mod- 45 
ule unit is in the range of 20-80% of that of the preceding 
module unit 

BRIEF DESCRIPTION OF THE DRAWINGS 

so 

Fig.1 is a flow diagram showing an example of 
reverse osmosis membrane apparatus of this invention. 

Fig.2 is a flow diagram showing an example of con- 
ventional technique. 

55 

1: pressure pump 

2: first-stage reverse osmosis membrane module 
unit 

3: first-stage outflow 


4: first-stage concentrate 
5: energy recovering equipment 
6: feed water 
7: booster pump 

8: second-stage reverse osmosis membrane mod- 
ule unit 

9: second-stage outflow 

10: second-stage concentrate 

DETAILED DESCRIPTION OF THE INVENTION 

In case of reverse osmosis membrane separation 
apparatus consisting of three or more stages the feature 
of this invention described in the second paragraph on 
page 7 should be fulfilled for certain two stages, but is 
not necessarily fulfilled for all stages. 

The multistage reverse osmosis membrane separa- 
tion apparatus as claimed for this invention contains at 
least a water inlet portion and a reverse osmosis mem- 
brane portion. The reverse osmosis membrane portion 
is defined as the portion intended for separation of feed 
water to fresh water and concentrate by suppling feed 
water under a pressure to reverse osmosis membrane 
modules. Typical reverse osmosis membrane separation 
apparatus consists of reverse osmosis membrane mod- 
ules and pressure pumps, with each of the modules con- 
sisting of reverse osmosis membrane elements and a 
pressure container. Before water is supplied to the 
reverse osmosis membrane, various chemicals includ- 
ing bactericide coagulant, reductant and pH adjuster 
may be added and pretreatment (removal of turbidity 
components) is performed by using sand filter, activated 
carbon filter, safety filter, etc. For the desalination of sea 
water, for example, sea water is taken in through the 
water inlet portion and particles are removed in a settling 
tank which may contain a bactericide to sterilize the 
water. Then, a coagulant such as ferric chloride is added, 
followed by sand filtration. The filtrate, collected in a tank, 
is then subjected to pH adjustment with sulfuric acid, and 
sent to a pressure pump. Prior to its feeding to the pump, 
a reductant such as sodium bisulfite is often added to 
remove the bactericide, which can cause deterioration 
of the reverse osmosis membrane material, followed by 
filtration through safety filter. The water is then pressu- 
rized in the pressure pump and fed to the reverse osmo- 
sis modules. 

The reverse osmosis membrane as referred to 
herein is defined as semi-permeable membrane that 
allows some components in a liquid mixture, such as sol- 
vent, to pass through while stopping the other compo- 
nents. Polymers including cellulose acetate, polyamide. 
polyester, polyimide. and vinyl polymer are often used 
as material for such membrane. In terms of components, 
there are two types of membrane: asymmetrical mem- 
brane and composite membrane. Asymmetrical mem- 
brane has a dense layer at least at one side of the 
membrane, and fine pores with their diameter increasing 
from the dense layer inward or toward the other side. 
Composite membrane consists of asymmetrical mem- 
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brane «vith a very thin active layer of a different material 
provid> sd on the dense layer of the membrane. In terms 
of stru iture, membrane products are also divided into 
two grc ups : hollow fiber type and plane type. The method 
of this nvention, however, can be applied effectively to 5 
all these types regardless of the material, components 
and structure of the reverse osmosis membrane. Typical 
reverse osmosis membrane materials include cellulose 
acetate and polyamide for the asymmetrical type, and 
polyamide and polyurea for the active layer of composite w 
type membrane. Among others, the method of this inven- 
tion are effective for asymmetrical cellulose acetate 
membrane and composite polyamide membrane, partic- 
ularly for composite aromatic polyamide membrane. 

The reverse osmosis membrane element is a proc-" ts 
ess unit specially designed for the practical use of such 
reverse osmosis membrane as described above. Plane 
membrane may be installed in a spiral, tubular, or plate- 
and-frame type element while hollowf iber is bundled and 
installed in an element. The present invention is effective 20 
for all types of membrane regardless of these structures. 

The reverse osmosis membrane module unit is an 
array of parallel modules each of which consists of a 
pressure vessel containing one to several reverse osmo- 
sis membrane elements. Any number, combination, and 25 
arrangement can be used depending on their uses. 

The invention is characterized by the use of more 
than one reverse osmosis membrane module units and 
also by their arrangement It is essential that reverse 
osmosis membrane module units should be placed in 30 
series so that feed water and concentrate flow from one 
lyiit to another. Thus, the concentrate from one reverse 
osmosis,membrane module unit becomes the feed water 
to the next reverse osmosis membrane module unit. The 
basic construction of reverse osmosis membrane appa- 3s 
ratus as claimed herein will be described below with ref- 
erence to Fig. 1 . which gives an example of a sea water 
desalination plant that uses a technique of the present 
invention. The plant is designed to produce fresh water 
at a very high recovery ratio of 60% from sea water of an 40 
ordinary concentration of 3.5%. Reverse osmosis mem- 
brane separation apparatus consisting of two reverse 
osmosis membrane module units, one pressure pump, 
and one booster pump is shown schematically. After pre- 
treatment for removing turbidity components (not shown 45 
in Fig.1 ), sea water is pressurized to 60-65 atm by pres- 
sure pump 1 and fed to the first-stage reverse osmosis 
membrane module unit. In the first-stage reverse osmo- 
sis membrane unit, the feed water is separated into two 
portions: low-concentration outflow that has permeated so 
the membrane and high-concentration concentrate that 
cannot permeate the membrane. The outflow is collected 
for use while the concentrate is fed to the second-stage 
reverse osmosis membrane module unit after being fur- 
ther pressurized in booster pump 2 from the 60-65 atm 55 
(pressure loss omitted for simplicity) to 90 atm, a pres- 
sure essential to separation of high-concentration con- 
centrate at a 60% recovery ratio. Reverse osmosis 
separation is conducted again to separate second-stage 


outflow from second-stage concentrate. The fresh water 
recovery ratio, which is 60% in this case, is defined in 
terms of the ratio of the sum of the first-stage and sec- 
ond-stage outflow to the total sea water fed to the reverse 
osmosis membrane plant 

The reverse osmosis separation apparatus illus- 
trated in Fig. 1 consists of two reverse osmosis mem- 
brane module units, one pressure pump, and one 
booster pump (pressurized concentrate two-stage proc- 
ess). This example, however, is not intended to limit the 
number of stages and pumps, but any number of them 
can be used as required. 

Concerning the recovery ratio, though the apparatus 
and method of the present invention can be used most 
effectively near the theoretical maximum recovery ratio 
of 60%, their uses are not limited by this fact and can be 
applied to conventional plants designed for an recovery 
ratio of about 40%. Taking the energy cost for the entire 
plant into account, the target recovery ratio should be 
above 50%, preferably above 55%. 

One pressure pump and one or more booster pumps 
are used to pressurize feed water to two or more reverse 
osmosis membrane module units. The pressure pump 
pressurizes raw water up to above the osmotic pressure 
of the raw water. An ordinary high pressure pump is used 
for this purpose. It is essential that the pressure should 
be above the osmotic pressure of the raw water (referred 
to simply as osmotic pressure here, but more accurately, 
the osmotic pressure difference between the raw water 
and outflow), preferably about 20 atm higher than the 
osmotic pressure of the concentrate in the first-stage 
reverse osmosis membrane module unit, but not 50 atm 
or more higher than that osmotic pressure. For a sea 
water desalination plant, best results are obtained when 
the operating pressure of the first-stage module unit is 
below 70 atm, taking into account the overall power cost. 
The operating pressure of the final-stage module unit 
should be about 20 atm higher than the osmotic pressure 
of the concentrate in the final-stage module unit. For a 
sea water desalination plant of a 60% recovery ratio, an 
operating pressure of about 90 atm is favorable taking 
the cost into account. Higher pressures may be used in 
such cases where very high performance desalination 
membrane is required to process high-concentration sea 
water (the flow rate likely to decrease), though the pres- 
sure should be less than about 120 atm (osmotic pres- 
sure plus 50 atm) to prevent troubles in the downstream 
channels in the reverse osmosis membrane elements. 
Other arrangements may be selected as required. For 
example, a setup consisting of plural module units with 
a booster pump provided on each unit for gradual pres- 
sure increase may be effective for energy cost reduction. 
The inventors have made a study about the feasibility of 
a multistage pressurization type sea water desalination 
system for cost reduction. Results have shown that such 
a system works efficiently when the operating pressure 
of the n-th stage, P n , has the following relation with that 
of the (n+1)-th stage. : 


55 


5 

BNSDOCIO <EP 07O913OA1_l_> 


9 


EP 0 709 130 A1 


10 


1.15 S P n+J /P n * 1.8 

preferably 

1.3*P n+1 /P n *1.6 5 

When a relation between the n-th stage and the 
(n+1)-th stage is defined for this invention, it is sufficient 
if such a relation applies to at least one set of two sequen- 
tial stages. '0 

. Preferably, the number of module units of each stage 
should be decreased in the preceding stage so that the 
amount of feed water for each module in the preceding 
stage does not become too small. 

It is essential that the total effective reverse osmosis is 
membrane area of a module unit is in the range of 20- 
80%. preferably, 30-70%. preferably 40-60% of that of 
the preceding module unit. 

Concentrate at a stage is further pressurized by a 
booster pump and supplied to the next-stage reverse so 
osmosis membrane module as the feed water to that 
stage. Such a booster pump is required to increase the 
pressure only slightly (typically, by 1 0-30 atm) above that 
of the previous stage. However, the inlet casing of the 
booster pump should has a sufficient pressure resist- 25 
ance because water pressurized to a significant degree 
is fed into the inlet casing. Thus, its inlet should be resist- 
ant to at least 50 atm. In particular, it is important that 
the casing and shaft sealer should be sufficiently resist- 
ant to pressure. There are no limitations on the type and 30 
structure of the booster pump as long as such pressure 
resistance is ensured. 

A pressure container for this invention would-be dif- 
ferent from one that may be used in such a case where 
a conventional simple one-stage process is operated 35 
under an operating pressure of 90 atm despite the effect 
of fouling. If a simple one-stage process is to be operated 
under a pressure of 90 atm. not only the reverse osmosis 
membrane elements but also the container that contains 
several elements would have to be resistant to a pres- 40 
sure of 90 atm. In the case of this invention, the first- 
stage module unit may be operated under a relatively low 
pressure, say about 60 atm. Thus, pressure containers 
that are relatively low in pressure resistance may be used 
to achieve a large cost reduction. The final-stage pres- 45 
sure container, however, should be resistant to at least 
80 atm as it is operated, normally in the range of 80-100 
atm. 

There are no special limitations on the feed liquid to 
be processed by reverse osmosis membrane separation so 
apparatus of this invention, but it would work more effi- 
ciently for liquid with a relatively high concentration and 
high osmotic pressure. 

There are no special limitations on the content of the 
solutes, but the content should preferably be 0.5 wt% or 55 
more. Best results would be obtained when this invention 
is applied to sea water with a high osmotic pressure or 
high-concentration brine with a salt concentration of 
about 1% or more. 


For the purposes of this invention, plural reverse 
osmosis membrane module units may be used, but there 
are no limitations on the number of such units as 
described above. However, the number of module units 
should preferably be two or three when cost reduction is 
important. When reverse osmosis membrane module 
units are installed at multistage, the flow rate of concen- 
trate relative to that of feed water decreases at each 
stage. If all stages have the same number of module 
units, the flow rate of feed water to each module 
decreases from one stage to next and concentration 
polarization becomes more likely to occur. Thus, the 
number of modules in the units at each stage should be 
decreased from one stage to next to prevent the feed 
water flow rate to one module from becoming extremely 
small. For a plant comprising reverse osmosis mem- 
brane modules installed at multistage, good results will 
be obtained when the number of -modules at each stage 
is in the range of 40-60% of that at the preceding stage. 
For the same reason, the outflow rate should also be 
decreased in the same way to ensure a good balance of 
the entire plant. If the number of modules at each stage 
has been fixed and cannot be changed, the outflow rate 
can be varied widely by changing the pressure exerted 
by the booster pumps. Taking into account the overall 
energy cost for the apparatus, multistage reverse osmo- 
sis separation apparatus can work most efficiently when 
the outflow rate at each stage is in the range of 30-70% 
of that at the preceding stage. 

The invention uses multistage module units with the 
number of modules decreased from one stage to next at 
an optimum ratio in order to prevent a sharp decline in 
the rate of the feed water flow at the upstream side of the 
membrane in each reverse osmosis membrane module. 
There is an optimum membrane flow rate, and a large 
difference in the membrane flow rate among the different 
stages should be avoided. Among the various concen- 
trate flow rates at the membrane of the various reverse 
osmosis membrane module units at different stages, the 
concentrate flow rate at the membrane of the module unit 
with the largest membrane flow rate (FR max : maximum 
concentrate flow rate at membrane) and the concentrate 
flow rate at the membrane of the module unit with the 
smallest membrane flow rate (FR min : minimum concen- 
trate flow rate at membrane) should be in the relationship 
described below in order to reduce the difference in 
membrane flow rate of sea water among the module 
units at different stages to ensure stable operation free 
from concentration polarization: 

preferably, 

FRn.ax/FRn*, S 1.3 

In this invention, the concentrate from the final- 
stage reverse osmosis membrane module unit has pres- 
sure energy, which should be recovered by energy recov- 
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ery methods. Methods available for recovering the 
energy from the final-stage concentrate include the use 
of a turbine, water wheel, etc. to reduce the shaft power 
load on the booster pump at the preceding or any other 
stage or the pressure pump at the first stage. To make 5 
the most use of recovered energy, however, the best way 
is to return the energy directly to the energy recover tur- 
bine connected directly to the pressure pump at the first- 
stage module unit that needs the largest energy. 

The invention is intended particularly for sea water w 
desalination at a high recovery ratio, and the addition of 
a scale prevention agent is effective for stable operation. 

The scale prevention agents available for addition to 
the feed water to reverse osmosis separation apparatus 
of this invention include organic or inorganic ionic poly- is 
mers and monomers that can form complex with metal 
or metallic ion in a solution to solubilize the metal or 
metallic salt. The ionic polymers include synthetic poly- 
mers such as polyacrylic polymers, sulfonated polysty- 
rene, polyacrylamide. and polyacrylamine. as well as so 
natural polymers such as carboxymethyl cellulose, chi- 
tosan. and alginic acid. The organic monomers include 
ethylenediaminetetraaceticacid (EDTA). The useful inor- 
ganic scale prevention agents include polyphosphates. 
Of these scale prevention agents, polyphosphates and ss 
EDTA are particularly suitable for this invention because 
of their availability, easiness of handling due to high sol- 
ubility, and low price. A polyphosphate is a polymerized 
inorganic phosphate that consists of sodium hexameta- 
phosphate units, or other similar molecular units with two 30 
phosphorus atoms, connected to each other by an phos- 
phorus atom and an alkali metal or alkaline earth metal. 
Such polyphosphates include tetrasodium pyrophos- 
phate, disodium pyrophosphate, sodium tripolyphos- 
phate, sodium tetrapolyphosphate, sodium 35 
heptapolyphosphate, sodium decapolyphosphate, 
sodium metaphosphate, sodium hexametaphosphate, 
and their potassium salts. 

These scale prevention agents may be added to the 
feed water up to any concentration if such a concentra- 40 
tion is sufficient to take in the scale components. In gen- 
eral, however, the optimum concentration may be in the 
range of 0.01-100 ppm. considering the cost and han- 
dling characteristics such as the time required for disso- 
lution. For sea water, it is generally in the range of 0. 1 - 45 
50 ppm. particularly on the range of 1-20 ppm. depend- 
ing on the properties of feed water. Concentrations below 
0.01 ppm will not be sufficient for adequate control of 
scale formation, leading to deterioration in the mem- 
brane performance. If their concentration is above 100 so 
ppm. the scale prevention agents themselves are 
adsorbed over the membrane surface to decrease the 
fresh water yield or to cause deterioration in the water 
properties. However, their addition up to a concentration 
of several tens to several hundreds ppm may be required 55 
for feed water countering large amounts of scale compo- 
nents or metals. 

The invention makes possible high-recovery ratio 
desalination of sea water, which is difficult to achieve by 


the conventional simple one-stage process, as well as 
large reduction in cost and improvement in stability. Sta- 
bility of operation can be further improved by clearing the 
feed water to an extreme degree before its feeding to the 
module units arranged in multistage. Studies carried out 
by the inventors have shown that pretreatment of sea 
water prior to desalination with filtration membrane such 
as with ultrafiltration membrane or microfiltration mem- 
brane is very effective. Among them, hollow fiber ultrafil- 
tration membrane is preferable. The pretreatment 
apparatus usually consists of hollow fiber membrane 
modules containing a bundle of many hollow fiber mem- 
branes. Sea water becomes highly clear as it is filtered 
by the apparatus. The hollow fiber membrane must 
remain serviceable over a long period of time as the sur- 
face of the hollow fiber membrane is subjected regularly 
to physical cleaning. The methods available for such 
physical cleaning of the hollow fiber membrane include 
the use of reverse flow of filtrate, air flushing, and scrub- 
bing. 

A hollow ftoer membrane module as used for this 
invention is produced from a bundle of hollow fiber mem- 
brane bundle which are adhered to each other at both 
ends and then cut to open the hollows of them. There 
are no limitations on the structure, but an optimum struc- 
ture can be determined taking into account the means 
to be used for physical cleaning. The most desirable 
ones include a module that consists of a tank-like con- 
tainer containing several hollow fiber membrane ele- 
ments. Such a structure is very desirable because 
modules with a large capacity can be constructed. The 
useful membrane materials for such hollow fiber mem- 
brane modules include, but not limited to. polyethylene, 
polypropylene, polyvinyl alcohol, cellulose acetate, poly- 
acrylonitrile. and any other porous hollow ftoer mem- 
brane materials. Particularly desirable hollow fiber 
membrane materials include polymers that consist of 
acrylonitrile as a component. The most desirable acry- 
lonitrile polymers include acrylonitrile copolymers pro- 
duced from 50 mol % or more, particularly 60 mol % or 
more, of acrylonitrile and 50 mol % or less, particularly 
0-40 mol %. of one or more vinyl compounds that can 
form a copolymer with acrylonitrile. A mixture of two or 
more of these acrylonitrile polymers and a mixture of one 
or more of these acrylonitrile polymers and one or more 
other polymers may also be useful. Such vinyl com- 
pounds as described above are any know compounds 
that can form a copolymer with acrylonitrile. The desira- 
ble copolymer components include, but not limited to, 
acrylic acid, itaconic acid, methyl acrylate, methyl meth- 
acrylate. vinyl acetate, sodium allyl sulfonate, and p- 
sodium styrene sulfonate. 

The present invention can provide apparatus and 
separation method that produce low-concentration solu- 
tion from high-concentration solution with a high recov- 
ery ratio, small energy requirements, and, high stability. 

As a matter of course, this invention can also be 
applied to a wide variety of reverse osmosis membrane 
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separation processes other than sea water desalination, 
including c lemical processes and food separation. 

Example 1 

The rev erse osmosis membrane separation appara- 
tus constructed and used for the sea water desalination 
experiments; consists of a first-stage module unit, a sec- 
ond-stage module unit, a pressure pump to pressurise 
the feed water (sea water) to send it to the first-stage 
module unit, and a booster pump to further pressurize 
the concentrate in the first-stage module unit to send it 
to the second-stage module unit, as illustrated in Fig.l. 
The first-stage module unit consists of four modules 
each consist of a pressure vessel containing six ele- 
ments of polyamide reverse osmosis membrane, each 
with a membrane area of 26.5 m 2 and having a salt rejec- 
tion of 99.5% and a fresh water production rate of 15 
rr>3/day under standard conditions (pressure 56 atm, sea 
water concentration 3.5%, temperature 25°C. and recov- 
ery ratio 12%), and the second-stage module unit con- 
sists of two such modules. For energy recovery, the 
concentrate at the second stage is returned to the energy 
recovering turbine that is connected directly to the first- 
stage pressure pump Sea water pumped up by the first- 
stage pressure pump is fed to the first-stage reverse 
osmosis membrane module unit under a pressure of 65 
atm, and the first-stage concentrate (63 atm) is pressu- 
rized by the booster pump up to 90 atm. When sea water 
is fed at a rate of 770 ntf/day, fresh water that meets the 
drinking water standards is produced at a rate of 300 
ntf/day at the first stage and 162 ntf/day at the second 
stage. The recovery ratio is 60%. The outflow from the 
most upstream element in the first stage module unit is 
18 m3/day, and the power consumption per cubic meter 
of outflow is 4.5 kWh. 

Comparative example 1 

The reverse osmosis membrane separation appara- 
tus constructed and used for the sea water desalination 
experiments consists of a reverse osmosis membrane 
module unit and a pressure pump to pressurize the feed 
water (sea water) to send it to the module unit, as illus- 
trated in Fig.2. The module unit consists of a pressure 
vessel containing six reverse osmosis membrane ele- 
ments, each element being the same as those used in 
Example 1 . Fresh water is produced at a rate of 498 
mVday at the first stage at an recovery ratio of 60%. The 
outflow from the most upstream element is 22 rnVday. 
which is above the fouling-resistance permissible limit, 
indicating that the apparatus will not remain serviceable 
over a long period of time. The power consumption per 
cubic meter of outflow is 4.9 kWh. 

Example 2 

Sea water is filtrated through an ultrafiltration mem- 
brane module unit consisting of stainless steel container 


containing seven ultrafiltration membrane modules, 
each having a membrane area of 1 5 m 2 and made up of 
12.000 hollow fiber ultrafiltration membranes of poly- 
acrylonitrile with a molecular weight of 400,000. having 

s outer diameter of 500 urn, and inner diameter of 350 um. 
The filtering rate is 100 rnVday and the operating pres- 
sure for the filtration is 0.5 atm. For the sea water before 
processing, the turbidity is 3.0 and the fouling index (Fl). 
which indicates the degree of clogging of the membrane. 

ro is not measurable (Fl a 6.5), but the sea water after the 
filtrate processing has a turbidity of 0.1 and a Fl value of 
less than 1 . For the same sea water, a test for continuous 
desalination is carried out using concentrate-pressuriza- 
tion type reverse osmosis membrane apparatus that 

J5 consists of eight polyamide reverse osmosis membrane 
elements (four modules, each containing two elements) 
at the first stage and four elements (two such modules 
as above) at the second stage, each element with a 
membrane area of 6.6 m 2 and having a salt rejection of 

so 99.5% and a fresh water production rate of 3.75 m3/day 
under standard conditions (pressure 56 atm. sea water 
concentration 3.5%. temperature 25°C. and recovery 
ratio 12%). The continuous sea water desalination test 
is performed at the first-stage pressure of 65 atm and the 

25 second-stage pressure of 90 atm. As a result, outflow is 
obtained from sea water at a rate of 40 nWday and an 
recovery ratio of 60%. The outflow rate (equivalent at 
25°C) remain practically the same over 2,000 hour oper- 
ation under these conditions. 

30 

Comparative example 2 

A sea water desalination test is earned out by the 
same procedure as in Example 2 except that coagulated 

35 sand filtering apparatus is used for pretreatment instead 
of hollow fiber membrane module units. The coagulated 
sand filtering apparatus uses ferric chloride as coagu- 
lant. The water after the filtration treatment has a turbidity 
of 0.6 and a Fl of 4.5. After 2,000 hour operation under 

40 the same conditions as in Example 2, the outflow rate is 
36 m3/day, indicating an about 3% deterioration. 

This invention relates to an apparatus and method 
for a multistage reverse osmosis separation which com- 
prises reverse osmosis membrane module units 

45 arranged at multistage with a booster pump provided in 
the concentrate flow channel between reverse osmosis 
membrane module unit, wherein the total effective 
reversed osmosis membrane area of a module unit is in 
the range of 20-80% of that of the preceding module unit. 

so The object of this invention is to provide apparatus 
and separation method that produce low-concentration 
solution from high-concentration solution with a high 
recovery ratio, small energy requirements, and high sta- 
bility. 

55 

Claims 

1 . A multistage reverse osmosis separation apparatus 
comprising reverse osmosis membrane module 
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< units arranged in multistage with a booster pump 

provided in the concentrate flow channel between 
reverse osmosis membrane module unit, wherein 
the total effective reverse osmosis membrane area 
of a module unit is decreased in the preceding mod- 5 
ule unit for at least one set of sequential stages. 

2. A multistage reverse osmosis separation apparatus 
comprising reverse osmosis membrane module 
units arranged in multistage with a booster pump 10 
provided in the concentrate flow channel between 
reverse osmosis membrane module unit, wherein 

the number of module units and/or the number of the 
modules of a stage is decreased in the preceding 
stage for at least one set of sequential stages. is 

3. A multistage reverse osmosis separation apparatus 
of claim 1 , wherein the total effective reverse osmo- 
sis membrane area of a module unit is in the range 

of 20-80% of that of the preceding module unit. so 

4. A multistage reverse osmosis separation apparatus 
of Claim 3, wherein the total effective reverse osmo- 
sis membrane area of the module unit is in the range 

of 30-70% of that of the preceding module unit. 2s 

5. A multistage reverse osmosis separation apparatus 
of Claim 4, wherein the total effective reverse osmo- 
sis membrane area of the module unit is in the range 

of 40-60%. of that of the preceding module unit. 30 

6» A multistage reverse osmosis separation apparatus 
of Claim 3, wherein an additional equipment is pro- 
vided to recover the pressure energy of concentrate 
from the final-stage module unit. 35 

7. A multistage reverse osmosis separation apparatus 
of Claim 6, wherein the pressure energy recover 
equipment is connected to the high-pressure pump 

for pressurizing the feed water for the first-stage 40 
module unit . 

8. A multistage reverse osmosis separation apparatus 
of Claim 1 , wherein the inlet casing and the shaft 
seal member of the booster pump for pressurizing 45 
the concentrate have a pressure resistance of 50 
atm or more. 

9. A multistage reverse osmosis separation apparatus 

of Claim 3. wherein the pressure vessel of the final- so 
stage module unit of the multi-stage reverse osmo- 
sis membrane module units has a pressure resist- 
ance of 80 atm or more. 

1 0. A multistage reverse osmosis separation apparatus ss 
of Claim 3, which is provided w'rth a mean for adding 

a scale prevention agent. 


11. A multistage reverse osmosis separation apparatus 
of Claim 3. wherein a prefilter is provided at the 
upstream side of the first-stage module unit. 

12. A method for multistage reverse osmosis separa- 
tion, wherein the concentrate of a module unit is fur- 
ther pressurised and supplied to the next-stage 
reverse osmosis membrane module, wherein the 
total effective reverse osmosis membrane area of a 
module unit is in the range of 20-80% of that of the 
preceding module unit. 

1 3. A method for multistage reverse osmosis separation 
of Claim 12, wherein the operating pressure at the 
n-th stage, P n , and the operating pressure at tee 
(n+1)-th stage, P n+1 . are in the range described 
below for at least one set of sequential stage: 

1.15 sP n+1 /P n s 1.8 

14. A method for multistage reverse osmosis separation 
of Claim 13, wherein P n and P n+1 are in the range 
described below for at least one stage of sequential 
stage: 

1.3sP n+l /P n s1.6 

15. A method for multistage reverse osmosis separation 
of Claim 1 2, wherein the concentrate flow rate at the 
membrane of the module unit with the largest mem- 
brane flow rate (FR max : maximum concentrate flow 
rate at membrane) and the concentrate flow rate at 
the membrane of the module unit with the smallest 
membrane flow rate (FR min : minimum concentrate 
flow rate at membrane) are in the relationship 
described below: 


1 6. A method for multistage reverse osmosis separation 
of Claim 15. wherein the FR max and the FR min are 
in the relationship described below: 

F »W F RminS 1-3 

1 7. A method for multistage reverse osmosis separation 
of Claim 1 2. wherein the feed liquid is a solution with 
a solute concentration of 0.5 wt% or more. 

18. A method for multistage reverse osmosis separation 
of Claim 34, wherein the feed liquid is sea water or 
brakish water. 

1 9. A method for multistage reverse osmosis separation 
of Claim 1 2. wherein the volume of permeated liquid 
of a module unit is in the range of 30-80% of that of 
the preceding module unit. 
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20. A method for multistage reverse osmosis separation 
of Claim 12, wherein the total volume of permeated 
liquid from each module unit is 50% or more of the 
volume of the feed liquid to the first stage. 

5 

21 . A method for multistage reverse osmosis separation 
of Claim 12, wherein the difference between the 
operating pressure at each stage and the osmotic 
pressure of the concentrate at that stage is 50 atm 

or less. io 

22. A method for multistage reverse osmosis separation 
of Claim 12. wherein the flux per unit area of the 
membrane at the first stage under standard condi- 
tions (F fr ) and that at the final stage (F (n ) are in the is 
relationship described below: 

1.0sF tr /F tn s1.2 

23. A method for multistage reverse osmosis separation zo 
of Claim 12, wherein the operating pressure of the 
first-stage reverse osmosis membrane module unit 

is 70 atm or less. 

24. A method for multistage reverse osmosis separation 25 
of Claim 12. wherein the operating pressure of the 
final-stage, reverse osmosis membrane module unit 

is in the range of 80-120 atm. 

25. A method for multistage reverse osmosis separation 30 
of Claim 12. wherein the pressure energy of the con- 
centrate in the final-stage reverse osmosis mem- 
brane module unit is recovered. 

26. A method for multistage reverse osmosis separation 35 
of Claim 22. wherein the recovery of pressure 
energy is conducted by an energy recovery equip- 
ment connected to the high-pressure pump provided 

at the first-stage module unit tor pressurizing feed 
liquid. 40 

27. A method for multistage reverse osmosis separation 
of Claim 12, wherein at least the feed liquid at the 
final stage contains a scale prevention agent. 


2a A method for multistage reverse osmosis separation 
of Claim 12, wherein the permeated liquid from the 
membrane filter is supplied to the first-stage reverse 
osmosis membrane module unit 


45 


50 
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